This study examined fracture toughness (KIc) measurements obtained using the indentation fracture (IF) method with a view to improving their reliability.
INTRODUCTION
Since dental ceramics are brittle materials, it is hard to evaluate their mechanical properties using conventional direct tensile test or even diametral compression test. This is because it is difficult to fabricate precisely accurate dental ceramic specimens.
Therefore, fracture toughness (KIc) developed for industrial ceramics has been frequently used to evaluate the mechanical properties of dental ceramics1-26) Although many methods can be used to measure KIc value, the ISO (International Organization for Standardization) has adopted the single-edge precracked beam (SEPB) method as the standard technique27) However, it is difficult to produce precracks and fabricate high-accuracy specimens for the SEPB method -hence there are few published reports on the application of this method to dental ceramics28) . In contrast, the indentation fracture (IF) method has been widely used for dental ceramics because specimen preparation is easy and no special devices are required1-21,26). However, there are many formulas for calculating KIc values using the IF method29-34) Since these formulas were devised chiefly for industrial fine ceramics, it is necessary to investigate whether they are immediately applicable to dental ceramics -which have substantially different composition and structure.
In addition, many of the formulas require the elastic modulus as well as the crack and indentation lengths29, 30, 32, 34) , and it is quite difficult to accurately measure the elastic modulus of dental ceramics. Therefore, many studies in the field of dental research have measured KIc values using formulas without the elastic modulus1,2,4,6,11-13) although the reliability of these values remains unknown.
The aim of the current study was to investigate the load conditions of dental ceramics in order to improve the reliability of Kic values obtained using the IF method.
The Km values of five kinds of dental ceramic obtained using the IF method with five representative formulas were compared with those obtained using the SEPB method (which was used as a control) . Potential application of the most suitable formula is also discussed.
MATERIALS AND METHODS

Specimens preparation
Five dental ceramic materials were used for the KIc measurement (Table 1) . Plate specimens (10 X 10 X 3 mm) for the IF method and bar specimens (3 X 4 X 20 mm) for the SEPB method were prepared by mechanical cutting or dental laboratory procedure. OCC, CCE, and GNI specimens were accurately cut from ceramic blocks using an Isomet cutter with a diamond blade saw (Buehler, USA) . EM2 and ICA specimens were constructed according to manufacturers' instructions using a dental laboratory procedure.
The surface of each prepared specimen was finished with a rotary grinder (Scandimatic 33035, Scandia, Germany) using 600-1200 grit emery paper and water, followed by polishing with a 0.5 ,um diamond paste in preparation for testing. Fracture toughness measurement using the IF method Loads ranging from 9.8 to 196 N were applied to the plate specimens (10 X 10 X 3 mm; n = 4) for 20 seconds using a Vickers hardness tester (AVK-C1, Akashi, Japan). Fig. 1 shows the optical micrograph of a typical crack occurring around a Vickers indentation.
Since the indentation is limited to a minute area on IF Fig. 1 Typical shapes of the cracks around an indentation in a dental ceramic (CCE) produced by the Vickers hardness test, and the measurement points for the IF method.
specimens, anisotropy of some specimens can be ignored. The a and c values under each load (P) were measured immediately after indentation using a digital micrometer and an optical microscope attached with a hardness tester (magnification: 200 or 400) . Next, the c/a and P/c1.5 values were calculated under each load condition (n=10).
The average c/a and P/ c1.5 values of a given ceramic type were calculated under a given load. Median/radial crack formation is known to occur under load conditions where c/a >2.5 and P/c1.5 is constant33). Thus, the loads had to satisfy both conditions for median/radial crack formation in each ceramic.
Dynamic hardness test Elastic modulus of each dental ceramic was measured by dynamic hardness test. The plate specimens (10 X 10 X 3 mm) were indented using a dynamic hardness tester (DUH-W201, Shimadzu, Japan) . During indentation with the tester, the applied load was increased from 0.3 to 1.8 N in 0.3 N increments.
An initial correlation between the load and elastic modulus was observed from the measurement data, and the elastic modulus obtained with a test load of 0 N was adopted as the elastic modulus35,36) (n=5). Table 2 shows the five formulas of the IF method used for KIc calculation.
Formulas for the IF method
The a and c values obtained from Vickers indentation under each load and the hardness value were substituted into each formula, thereby obtaining the KIc value under each load condition (n=10). Fracture toughness measurement using the SEPB method In accordance with ISO 1573227), bar specimens (3 X 4 X 20 mm) were placed on the anvil of a precrack producing device (BI Pre-cracker MBK-603C, MARUTO, Tokyo, Japan) and gradually loaded using a universal testing machine (5500R-1125, Instron, USA) . Black ink was used to penetrate the resultant precracks.
Only those specimens with crack length and direction conforming to ISO 1573227) were subjected to fracture toughness test using the SEPB method.
A three-point bending test was performed using a universal testing machine at a cross-head speed of 0.5 mm/min.
KIC values (n=8) were calculated for the SEPB method using the following formula271): Crack characterization A CCE bar specimen, which was indented with four Vickers indentations in alignment at 55.8 N, was prepared in order to observe the median/radial cracks. Next, a bending test was performed to fracture the specimen.
A scanning electron microscope (S-2360N, Hitachi, Japan) was used to observe the median/radial crack that had propagated to the internal layer beneath the fractured surface. (B) The bold straight lines indicate the indentation loads producing a median crack, where the P/ c1.5 values were constant.
RESULTS
Conditions favoring median/radial crack formation Fig. 2 shows the relationships between the load and the c/a and P/c1.5 values obtained using Vickers hardness test. Each ceramic satisfied the conditions for median crack formation (c/a > 2.5 and P/c1.5 =constant) under different loads .
OCC fractured around or across the indentation under a load of 73.5 N, while CCE, GNI, and EM2 fractured under a load of 169.5 N. Therefore, their KIC values should not be measured under high loads. ICA, however, should be evaluated under loads ranging from 73.5 to 196 N, since none or only extremely small cracks formed around the Vickers indentation under loads of <68.6 N. Fig .3 shows a SEM image of internal cracks formed around an indentation on a CCE specimen (applied load: 58.8 N) . A median/radial crack was radially visible around the Vickers indentation.
Comparison of KIC values obtained using the IF and SEPB methods Table 3 shows the elastic moduli of the dental ceramics assessed by dynamic hardness test. Fig. 4 shows the KIc values of the various ceramics obtained under varying load conditions using the five different formulas of the IF method. The KIC values obtained by the SEPB method are also shown as a bold straight line in each figure.
The results revealed that the KIC values obtained using the IF method varied greatly depending on the load and the formula used.
Comparison of the KIC values obtained for the five ceramics using the five IF formulas with those obtained using the SEPB method revealed that none of the KIc values calculated using the F-4 formula differed significantly from the control values obtained using the SEPB method (Table 4) . Industrial ceramics are evaluated using the SEPB method described in ISO 1573227) . In the case of dental ceramics, however, the single-edge notched beam (SENB) method has been widely applied9,20-25) Although the SENB method allows easy notching of specimens, the Km values obtained are reportedly affected by the width and shape of the notch37-39), because crack propagation occurs at the tip of the notch. In contrast, the KIC values obtained using the SEPB method are much more reliable due to the production of very sharp-tipped precracks.
However, it is not easy to produce specimens with precracks that satisfy the crack length (45-55% of specimen height) and crack angle (90 ± 10° from the long axis of specimen) specifications prescribed in ISO 1573227).
Since the original basic study by Evans and Charles in 197640) , Km measurements using the IF method have been proposed by many researchers and applied to dental ceramics. The formula for calculating KIC values using the IF method is semi-empirical, and contains a coefficient determined by measuring the correlation between the KIC value of a median/radial crack generated by Vickers indentation on the ceramic surface and the value measured by theoretical analysis and experimentation using industrial fine ceramics.
Therefore, even though IF method formulas can be useful for relative evaluation of Km values, we cannot evaluate them absolutely because their parameters vary depending on the researcher9,20,33) In addition, it is difficult to measure the elastic modulus of dental ceramics.
As a result, many studies have proposed approximate formulas for KIC values involving only the crack and indentation lengths without the elastic modulus1,2,4,6,11-13).
For KIC calculations using the IF method, it is essential to generate median/radial cracks. Although the indentation crack shape varies depending on the load condition, many studies on the KIC values of dental ceramics have used a constant load ranging from 2.94 to 19.6 N, or 49 N, without investigating the effects of load conditiona1-5,12,13,15-19).
Regarding median/radial crack occurrence, indentation load P is reported to be linearly proportional to P/c1.5 and the inequality of c/a>2.5 is empirically satisfied33) . The load range under which the dental ceramics in the current study were prone to median/ radial crack formation varied depending on the type of ceramic used. In the case of the three CAD/CAM ceramics, the load required for median/radial crack formation varied greatly depending on the ceramic type, even when they showed almost constant KIC values with the SEPB method.
Thus, a detailed investigation of the load required for median/radial crack formation is important for KIC measurements using the IF method.
The F-1 and F-2 formulas were devised by Evans29) and Lawn30) respectively during initial studies on the IF method.
F-1 produced comparatively well-matched values for the dental ceramics in the present study, with no significant differences from the values obtained using the SEPB method, except for the case of GNI. However, according to Marshall et al.42) , Km values obtained using F-1 tended to be much higher, while those obtained using F-2 tended to be lower.
As shown in Table 4 , the KIC value trends observed in the current study closely resembled those reported by Marshall et al. 42) The F-3 formula was invented by Lewis31) , who obtained the 1.4 prefactor using Si3N4. Since the KIc values for the dental ceramics obtained using F-3 differed greatly from those obtained using the SEPB method, this formula may not be suitable for measuring the Kw value of dental ceramics.
Many researchers have used the formula of Anstis et al.34) to measure the Km value of dental ceramics7-10,14,15,18,19,21) However, few reports have discussed the load conditions and elastic moduli, or compared the KIc values obtained using this formula with those obtained by other test methods7-9,21) Using the formula of Lawn et al. 30 ), Anstis measured the KIc values of various ceramics and compared the values with those obtained by fracture toughness tests using the double cantilever beam and double torsion method to determine the empirical prefactor (0.016) . Except for the prefactor (0.018) , the F-4 formula used in the current study was the same as Anstis's f ormula34) . In 1984 Miyoshi32) , who devised F-4, determined the prefactor of 0.018 from results obtained by a three-dimensional finite element method around Vickers indentations of Si3N4 using the fracture model of Lawn et al.30) . The KIc values obtained by F-4 were slightly higher than those obtained by Anstis's formula, but F-4 is believed to be theoretically superior.
F-4 has recently been adopted by JIS R160741) and also submitted in draft form to the ISO20) . Since the prefactor of 0.018 was obtained using Si3N4 alone, it may be necessary to determine the prefactors for different types of ceramic, as reported by Fischer et al.20) . Nevertheless, since the Km values of the dental ceramics in this study closely matched those obtained by the SEPB method, F-4 is deemed to be fully acceptable for the Klc measurement of dental ceramics.
The F-5 formula was devised by Niihara33) based on the fracture mechanics of median/radial cracks proposed by Lawn30) . This formula is often used to evaluate the KIc values of dental ceramics, since it does not require the elastic modulus1,11-13) However, the KIC values of some of the dental ceramics tested in the current study -under the median/radial crack regime -were significantly greater than those obtained by the SEPB method and the other IF methods.
Previously, bending tests have been used to evaluate the elastic modulus of dental ceramics since tensile tests are difficult to perform1,3,18). However, since even small deflections can cause fractures in ceramics, it is difficult to obtain precise elastic moduli through such tests.
On the other hand, an ultrasonic resonance method has been adopted by both JIS R160243) and ISO 1756144) as a method for measuring the elastic modulus of industrial ceramics, and the elastic moduli of several dental ceramics have been determined using this method5,9,14,16,17,20,45) However, it may be difficult to apply this method to the majority of dental ceramics due to the specimen size required.
Dynamic hardness test can be easily applied to dental ceramics because very small specimens are sufficient for the test, and the measurement method is simple compared to the three-point bending test and ultrasonic resonance method.
The results of the present study suggested that reliable Klc values can be easily obtained using the IF method, even with small dental ceramic specimensif the F-4 formula (Miyoshi) is used in combination with the dynamic hardness test.
Furthermore, KIC measurement by F-4 formula seemed to be suitable for other dental ceramics when the appropriate indentation load is determined. 
